Abstract. Relativistic calculations of electric dipole (E1) allowed transition for a number of ions in the germanium sequence have been performed. Oscillator strengths for fine-structure transitions within the 4p 2 -4p5s array have been calculated with both the Multiconfigurational Dirac-Fock (MCDF) approach and the Relativistic Quantum Defect Orbital (RQDO) method. The results are analysed on the grounds of the theoretical data available in the literature. Also, a comparative analysis with the homologous silicon sequence is made. The spectra of systems such as Mo XI are important in the context of plasma physics and thermonuclear fusion measurements.
Introduction
The detection of heavy trace elements with nuclear charge numbers Z ≥ 30 in the planetary nebula (PN) NGC 7027 (Péquignot & Baluteau 1994) has opened up interesting scientific possibilities in astrophysics. Ge I has been observed in the spectra of Ap and Bp stars (Adelman et al. 1979 ) and in the solar photosphere (Moore et al. 1966) , and the determination of the chemical composition of the stars depends in a sensitive way on the availability of accurate transition probabilities. The study of elemental abundances of heavy elements (Z ≥ 30) in the interstellar medium allows the exploration of the possible effects of local chemical enrichment and mixing in the interstellar gas and also the nature of the condensation of elements from the gas phase on dust (Savage 1993; Cardelli 1994; Morton 1996) . These heavy elements have derived from nuclear processes (slow and rapid neutron captures on to light elements generated by different stellar progenitors) that differ from those producing Zn and the lighter elements (element burning occurring at high temperature, Cameron 1982) .
Most atoms and ions in the interestellar medium are observed in their ground energy states because of their low collisional excitation rates, and their resonance lines appear generally in the UV region. The high-resolution gratings of the Goddard High Resolution Spectrograph aboard the Hubble Space Telescope now allow the detection of very weak absorption lines. As a consequence, it becomes possible to investigate absorption lines of some heavy elements, the cosmic abundances of which are rather low (several times smaller than that of hydrogen by number) (Biémont et al. 1998) .
Send offprint requests to: E. Charro, e-mail: lmnieto@wamba.cpd.uva.es Experimentally, the spectra of some Ge-like ions have been analysed. Several transition arrays have been studied for the ions Y VIII -Mo XI (Rahimullah et al. 1976 (Rahimullah et al. , 1978 Chaghtai et al. 1980; Ateqad et al. 1984) on the basis of spectrograms obtained at Lund University. The 4p-5s transition of Ru XIII, Rh XIV and Pd XV has been observed in laser-produced plasmas by O'Sullivan et al. (1988) . Emission spectra of Rb VI (O'Sullivan & Maher 1989) and Sr VII (O'Sullivan 1989) produced by the same technique have been photographed in the 40-500 and 250-500 Å regions, respectively, leading to the identification of a number of transitions.
However, in view of the paucity of experimental data on fine-structure splitting of highly ionized atoms, some theoretical effort has been devoted to prediction of ions with high nuclear charge Z in order to identify such lines in plasmas. A number of calculations have been done on the ions isoelectronic with Ge, most of them corresponding to allowed transitions. For forbidden transitions, theoretical E2 and M1 transition probabilities along the germanium sequence up to Ag XVI have been published by Biémont & Hansen (1986) and Biémont et al. (1990) . However, transition probability data for the highly-ionized germanium-like ions are very scarce. This lack of data, coupled with the consistent set of experimental levels that is now available for the ions Sr VI -Mo XI (Litzén & Reader 1989) , justifies new calculations.
For instance, to our knowledge, data on 4p→5s transition probabilities for the whole sequence have not been reported. We have thus considered that there is room for new calculations for the fine structure lines of the above transition in the germanium sequence.
Along the last decade, we have applied the Relativistic Quantum Defect Orbital (RQDO) method Martín et al. 2000a ) to the calculation of oscillator strengths of several isoelectronic sequences (see, e.g. Martín et al. , 1993 Martín et al. , 2000b Charro & Martín 1998; Charro et al. 1997 Charro et al. , 2000 . The RQDO formalism is a simple but reliable analytical method based on a model Hamiltonian. It has the great advantage that the computational effort does not increase as the atomic system dealt with becomes heavier. The convenience of employing exactly solvable model potentials for calculating atomic transition probabilities manifests itself not only from a practical point of view but also because of the involved physical implications, when they are capable of achieving a good balance between computational effort and accuracy of results. Additionaly, and as an independent calculation, we have also applied the multiconfiguration Dirac-Fock (MCDF) formalism, as implemented in the GRASP code (Dyall et al. 1989) , to the study of some isoelectronic sequences (Charro et al. 1996 (Charro et al. , 1997 Charro & Martín 1998) .
In the present work, electric dipole (E1) oscillator strengths for several lines within the 4p→5s transition array in the germanium sequence are reported. RQDO and MCDF calculations have been performed on a number of Ge-like ions ranging from Rb VI (Z = 37) to Ba XXV (Z = 56). Given that some of these ions are heavy and in a high degree of ionization, we expect that the relativistic contributions to the wavefunctions and energies of the levels involved in the present transitions may not be negligible. Also, we find the direct calculation of fine-structure line strengths to be interesting from a spectroscopic point of view. It is of clear usefulness in spectral analyses in astrophysics and fusion plasma research. Whenever previously calculated data were available in the literature, a comparative analysis of the present f -values has been carried out.
Relativistic Quantum Defect Orbital calculations
The Relativistic Quantum Defect Orbital (RQDO) method has been described in detail in previous papers Martín et al. 2000a) . Therefore, we shall only briefly summarise its most fundamental aspects.
The relativistic quantum defect orbitals are determined by solving analytically the quasi-relativistic scalar secondorder Dirac-like equation, obtained after decoupling the radial, two-component Dirac equation, through a non-unitary transformation.
The relativistic quantum defect orbitals are expressed in terms of Kummer's functions, where the definition of the parameters can be found in the references above.
C is the normalization constant,
With η * = η − δ , and
Here n and l are the principal and orbital angular momentum quantum numbers; and η is the relativistic principal quantum number, related with n as follows
with
and
where = ±1. δ is the relativistic quantum defect, c is an integer chosen to ensure the normalization of the wavefunction and its correct nodal structure; Z net is the scaled nuclear charge acting on the valence electrons at large radial distances; E x is the experimentally measured energy, and α is the fine structure constant. Atomic units are used throughout.
Since the effective Hamiltonian in Eq.
(1) includes a screening term, the quantum defect orbitals are approximately valid in the core region of space. Core polarization effects are implicitly included in the calculations as they are accounted for in the Λ parameter of the model Hamiltonian, as it contains the experimentally determined quantum defect. In some of our previous papers (see e.g., Martín et al. 1989) we have, additionally, introduced a core-polarization correction term in the transition operator. However, it is our experience that moderately -to highly-ionized atoms are rather insensitive to the explicit introduction of a core-polariation correction in the transition moment. This feature is to be expected on the grounds of an increasingly compact core. Therefore, in the present calculations, the standard form of the electric dipole transition operator has been employed. On the other hand, given the oneelectron nature of the RQDO formalism, it can be expected to perform better in highly excited states, where the active electron interacts less with the core and other valence electrons, than in low-lying energy states. The relativistic quantum defect orbitals lead to closed-form analytical expresions for the transition integrals. This allows us to calculate transition probabilities and oscillator strengths by simple algebra and with computational efficiency.
The electric dipole oscillator strength for a transition between two states within LSJ-coupling, is given in terms of the radial matrix element by the equation Rahimullah et al. (1978) .
where l m is the greatest of the orbital angular-momentum quantum numbers of the states involved in the transition, (2J + 1) is the degeneracy of initial level, ∆E is the transition energy in Hartrees, R line is a line factor, R mult is a multiplet factor, R nl j |Q (2) |R n l j is the radial transition integral, and Q(r) is the standard dipole-length transition operator.
Thus, we define a line factor R line by
where W(S JL 1, LJ ) are the Racah coefficients which can be described in terms of 6 j-symbols
and R mult may be expressed as follows:
where L c refers to the orbital angular momentum of the atomic core, and the last symbol in Eq. (13) is,
Multiconfiguration Dirac-Fock calculations
A thorough description of the MCDF method (Grant 1988) , as implemented in the GRASP code, can be found in the literature (Dyall et al. 1989) . The magnetic and retardation terms to the electron-electron interaction; i.e., the Breit terms, are treated perturbatively by diagonalizing the Dirac-CoulombBreit Hamiltonian matrix in the final stage, using the selfconsistent orbitals from the first step. To include an estimate of the main radiative corrections to the atomic states, electron selfenergies are approximated by scaling hydrogenic results to an effective nuclear charge Z eff which is seen by the electrons. The QED corrections to the diagonal elements were added and the vacuum polarization contribution is also included. The extended average level (EAL) mode (Dyall et al. 1989 ) has been used in the present calculations. This constructs orbitals from an average energy funtional where the fine-structure levels are given the weight (2J+1). Flambaum & Sushkow (1978) and later Biémont & Hansen (1986) found that the highly excited np 4 configuration gives the largest interaction. Similarly, the excited ns 2 np(n+1)s configuration interacts strongly with states of ns 1 np 3 configuration (Dembczynski & Rebel 1984) .
Discussion of the results

Energy data
In the RQDO context, energy level data are required in order to obtain the quantum defects. For the ions ranging from Rb VI to Mo XI, we have employed the experimental data provided by different authors. The observed energy values by O'Sullivan (1989) for Rb VI and O'Sullivan & Maher (1989) for Sr VII derive from spectra of laser-produced plasmas, where the position of the lines was identified with the help of MCDF calculations, which were also employed to determine f -values. These authors (O'Sullivan 1989; O'Sullivan & Maher 1989) report a fair agreement between the calculated and observed energies. For the ions Y VIII to Mo XI the experimental energies by Rahimullah et al. (1978) have been employed. Earlier energy data measured by Rahimullah et al. (1976) for these ions are in good agreement with those of Litzén & Reader (1989) , reported later. The energies of the levels that we have used in the RQDO calculations are collected in Table 1 . Other input data also needed in the RQDO calculations are the ionization energies of the atomic systems. The values adopted for Rb VI to Mo XI are those supplied by Fraga et al. (1976) . For the remaining ions, no RQDO calculations were performed given the lack of ionization energies in the literature. For these we only supply MCDF results.
Fine-structure oscillator strengths for the 4p-5s transition array
In Tables 2 and 3 , we display the f -values obtained in the present work together with the theoretical values reported by other authors. Inspection of Table 2 shows that the magnitudes of our RQDO and MCDF oscillator strengths are, in general, in fairly good agreement, and compare well, in most cases, with the f -values calculated by O'Sullivan (1989) for Rb VI and O'Sullivan & Maher (1989) for Sr VII. These data have been obtained by combining experimental and theoretical (MCDF) results for the identification of the lines in the Rb VI and Sr VII spectra. It should be borne in mind that some of the levels involved in the transition can be subject to perturbations by other levels. These perturbations are explicitly accounted for in the MCDF calculations, whilst in the RQDO procedure, the effect of perturbations is only implicitly included through the quantum defects extracted from experimental energies. In Table 3 , the MCDF results are collected together with data for Ru XIII, Rh XIV and Pd XV reported by O'Sullivan et al. (1988) . These authors analysed the different spectra in the way described above. In this table, for the J = 0 → J = 1 absorption line, a good agreement between our calculations and the comparative value is apparent, but some A comparative analysis with the MCDF oscillator strengths recently obtained by us (Charro et al. 1997) for the silicon isoelectronic sequence, which is homologous to the presently studied Ge sequence, may be taken as a good basis for a justification of the choice of the configurations now included in the MCDF procedure. In our calculations of the fine-structure transitions within the 3p 2 → 3p 4s array in the silicon sequence, which is homologous to the 4p 2 → 4p 5s array in the Ge isoelectronic sequence, the inclusion of the 3p 4 configuration was found to yield the best ground state energy (Charro et al. 1997) . Table 4 displays the f -values for the 4p-5s multiplet transition deduced from the sum rules (Cowan 1981) , also applied in previous calculations (Charro et al. 1996) . Table 4 reveals a good compliance with the sum rule by all the three sets of oscillator strengths for Rb VI and Sr VII, as well as close similarities in the magnitude of our MCDF and RQDO calculations. However, for the remaining three ions, only our calculations appear to satisfy the sum rule. This might be due to a change in the coupling scheme from sr VII to Ru XIII, not well accounted for in the data reported by O'Sullivan et al. (1988) . Our MCDF calculations have been performed in such a way that the coupling scheme is automatically changed by the GRASP program when required. 
Regularities in homologous series
Regularities in individual oscillator strengths along an isoelectronic sequence as functions of the nuclear charge are predicted from conventional perturbation theory (Cohen & Dalgarno 1966; Dalgarno & Parkinson 1967) , and their usefulness in analysing the f -values has been repeatedly stressed (see, e.g., Martin & Wiese 1996 and references therein). The oscillator strengths for strong analogous (nl → n l ) transitions of homologous atoms are expected to be similar on account of the similar outer electron structure of such elements. However, one has to consider that as the elements within a chemical family become heavier, the outer atomic structure may become modified due to the presence of unfilled electron shells. In this sense, germanium-like ions, with a completely filled M shell, have a similar outer atomic structure to that of the Si-like ions, but these have the 3d shell unfilled. Generally, the systematic behaviour of homologous atoms is not expected to be as closely adhered to as for the case of a given transition along an isoelectronic sequence, where the electron configuration remains the same and only a scaling of the nuclear charge occurs, but it is observed in some cases. As an illustration, Fig. 1 displays the behaviour of the fine-structure lines of the np 2 → np(n + 1)s transition arrays of the Si and Ge isoelectronic sequences, where n = 3 and 4, respectively, against ξ. ξ is defined as the effective nuclear charge on the active electron (ξ = Z − N), where Z is the nuclear charge and N is the number of core electrons. In this way, following the spectroscopic notation, for a neutral atom we have ξ = 1.
Conclusions
The RQDO procedure has once more proved to be a useful tool for estimating transition probabilities. In the particular case of the Ge-like ions, a general, satisfying, agreement is found between the RQDO results and those obtained with rather more elaborate procedures, such as MCDF. Nearly parallel f versus ξ curves have been obtained for some representative analogous fine-structure lines along the homologous Ge and the previously studied (Charro et al. 1997 ) Si isoelectronic sequences. This feature may be interpreted as proof of the internal consistency of our calculations.
We are confident that the f -values we supply for some heavy ions isoelectronic with germanium may be potentially useful in astrophysics and fusion plasma research. Charro et al. (1997) . Fig. 1 . Systematic trends for three fine-structure np 2 → np(n + 1)s transitions of the Si and Ge sequences (n = 3 and 4, respectively). For both sequences, our MCDF oscillator strengths are plotted versus ξ, the charge on the atomic core or effective nuclear charge. Several symbols are used for the different lines (J − J ).
